-1 at Stn C, with dissolved primary production ranging from 4 to 44% of total values. Integrated primary production was significantly correlated with surface chl a but not with integrated chl a. This finding has implications for the estimation of regional primary production based on remote sensing of near-surface pigments. Altogether, the results confirmed that the high hydrodynamism of the Alboran Sea was associated with marked biological variability and episodic high primary production events.
INTRODUCTION
Over the past few decades, the amount of available data on aquatic photosynthesis has increased enormously. However, detailed studies of its spatio-temporal variability are still needed in order to obtain more accurate estimates of primary productivity in many marine regions. One of the tools for assessing differences in the activity of phytoplankton is the study of photosynthesis-irradiance (P-E ) relationships. P-E curves are widely used for understanding the physiology and ecology of phytoplankton assemblages (e.g. Platt et al. 1980 , Sakshaug et al. 1997 and are specially suitable for meso-and basin-scale ABSTRACT: The short-term variability of photosynthesis-irradiance (P -E) relationships and integrated primary production at 3 stations (Stns A, B, C in a coastal-offshore gradient) located across the Western Alboran Sea Gyre (SW Mediterranean) were investigated during a High Frequency Flux Experiment (1 to 16 May 1998). Photosynthetic production of total, particulate and dissolved organic carbon (TOC, POC and DOC respectively) was considered separatedly in 34 experiments. Photosynthetic parameters were calculated for TOC and POC data. For POC measurements, maximum photosynthetic rate (P , respectively, and were significantly correlated, showing a similar decrease with depth. No photoinhibition was detected at any depth and the light saturation parameter (E k ) was on average 251 µmol photons m -2 s -1
, suggesting that phytoplankton assemblages were acclimated to high irradiance levels in the whole area. Percent extracellular release (PER) obtained for each experimental irradiance (PER E = DOC/ [POC+DOC]) showed an inverse relationship with irradiance when data from all the P-E experiments were pooled. A light-saturated chl a-normalized DOC production rate (P Integrated particulate and total primary production varied considerably (23-and 35-fold, respectively), but tended to decrease along a coastal-offshore gradient. During the cruise, a subsurface phytoplankton bloom was advected into Stn A, increasing primary production rates up to 1 g C m -2 d -1
. Average particulate primary production was 632 mg C m -2 d -1 at Stn A, 388 mg C m -2 d -1 at Stn B and 330 mg C m -2 studies because they are less demanding of ship time than other methods. Moreover, the photosynthetic parameters describing the P-E relationships are required for the development of models aimed at deriving primary production from remotely sensed near-surface pigments (Platt & Sathyendranath 1988 . The lack of information on the spatial and temporal variability of photosynthetic parameters may be a serious constraint for the accuracy of currently used models of primary production in the ocean (Behrenfeld & Falkowski 1997a , Marañón & Holligan 1999 . Often, single time data of primary production are taken as representative for extended periods, without information on their variability at shorter time scales. The Alboran Sea occupies a key geographical position in the Mediterranean and presents an intense hydrodynamism. The water circulation in the Alboran Sea (Minas et al. 1991 , Tintoré et al. 1991 ) is characterized by 2 anticyclonic gyres of ca 100 km in diameter, the Western and Eastern Alboran Sea Gyres, which occupy the respective sub-basins and are easily seen in sea surface temperature satellite images. These quasi-persistent gyres (Heburn & La Violette 1990) are formed by the superficial inflow of Atlantic water which crosses the Strait of Gibraltar and gradually mixes with the resident Mediterranean waters, creating the so-called Modified Atlantic Water (MAW). In the northern part of the Western Alboran Gyre, the frontal zone formed at the boundary of the MAW jet and the saltier (> 37.5) Mediterranean waters presents intermittent nutrient upwelling into the upper layers of the water column , Packard et al. 1988 , Perkins et al. 1990 , Minas et al. 1991 . This upwelling has been associated with enhanced plankton productivity, but very few studies have reported primary production rates. Minas et al. (1991) carried out one of the few attempts to estimate primary production within the Western Alboran Gyre using an approximation based on nitrate consumption over time. The rate of new primary production thus obtained (635 mg C m -2 d -1
) was slightly higher than the average for other Mediterranean areas (e.g. Sournia 1973 , Estrada 1981 , Platt 1985 , Estrada et al. 1993 ), but below the expected value for a high productivity site (cf. estimates, within the jet of MAW further east, in Lohrenz et al. 1988b) . A number of recent papers have reported elevated biomass of planktonic organisms in the area (e.g. Jiménez et al. 1987 , Rodríguez et al. 1994 , but only Fernández et al. (1994) and Videau et al. (1994) included direct measurements of primary production in the Alboran Sea, across the Almería-Oran front in the eastern sub-basin (Tintoré et al. 1991) . Due to the episodic nature of the physical forcing in the entire basin, the position of the MAWMediterranean water front fluctuates largely at short time scales (Perkins et al. 1990 ).
This paper presents an investigation of the shortterm temporal variations of phytoplanktonic photosynthesis at 3 repeatedly sampled stations, located across the Western Alboran Gyre, during a High Frequency Flux Experiment (HFFE) conducted in May 1998. The aim of the cruise, as part of the European Union MTP-II Project MAss Transfer and Ecosystem Response (MATER), was to study the high frequency processes controlling the pelagic-benthic coupling in the northern part of the gyre. P-E relationships were investigated and the derived photosynthetic parameters were used to obtain daily integrated primary production. P-E experiments have seldom tried to differentiate between particulate and dissolved primary production (Sakshaug et al. 1997) , although the release of dissolved compounds by phytoplankton can significantly contribute to total primary production (Norrman et al. 1995 , Biddanda & Benner 1997 and provide substrates readily assimilable by heterotrophic bacteria (Baines & Pace 1991 , Amon & Benner 1994 ). In our P-E experiments, we performed direct measurements of the extracellular release of photosynthetic carbon and considered simultaneously total, particulate and dissolved organic carbon (TOC, POC and DOC respectively) production. To our knowledge, only Fernández et al. (1994) had previously dealt with phytoplanktonic DOC release in this marine area. Their conclusion, of a higher contribution of extracellular release to total primary production in the more oligotrophic areas of the Alboran Sea, was addressed during this cruise. In addition, the effect of irradiance on the relative importance of phytoplanktonic DOC production was investigated. To date, systematic studies on the relationships between irradiance and release of photosynthate have been almost exclusively carried out with algal cultures (Verity 1981 , Zlotnik & Dubinsky 1989 . The P-E data set obtained here allowed for an assessment of these relationships for natural phytoplankton assemblages.
MATERIAL AND METHODS
The experiments were conducted during the MTP-II-MATER/HESP/04-98 cruise on board the RV 'Hespérides' from 2 to 13 May 1998. A total of 34 P-E experiments (see Table 1 for details) were performed at 3 stations: Stn A (36°23' N, 4°15' W, 664 m depth), Stn B (36°14' N, 4°15' W, 984 m depth) and Stn C (36°0' N, 4°15' W, 1320 m depth), located along a coastaloffshore gradient crossing the northern part of the Western Alboran Gyre (Fig. 1A) . The stations were visited 4 times during the cruise and sampled before noon (mostly between 09:00 and 10:00 h GMT). In addition, an afternoon sample was taken during the first visit to all stations and the fourth visit to Stns A and C. Hereafter, the nth visit to Stn X is represented as Stn Xn (e.g. Stns A1, C4b), with 'b' standing for the afternoon sample.
Optics and hydrography. Vertical profiles of photosynthetically active radiation (PAR, 400 to 700 nm) were obtained immediately after water sampling with a Li-Cor spherical quantum sensor attached to a Seabird 25 CTD system. Vertical light attenuation coefficients (K ) were calculated every 10 m, instead of using the whole profile, due to the marked changes of slope of the log-transformed data versus depth. Incident irradiance was continuously measured with a pyranometer connected to a Li-Cor LI-1000 data logger. A Neil Brown Mark III CTD was used to obtain vertical profiles of temperature, salinity and density. The depth of the upper mixed layer (Z uml ) was determined as the depth where the change in density (σ t ) was ≥ 0.05 kg m -3 over a 5 m depth interval (Mitchell & Holm-Hansen 1991) . Water samples for nutrient and biological determinations were collected at 10 to 11 discrete depths with 12 l Niskin bottles from a rosette sampler attached to the CTD. Samples for nutrient analysis were immediately frozen and concentrations of nitrate, nitrite, phosphate and silicate were determined on unfiltered samples in the laboratory with a Technicon autoanalyzer.
Chlorophyll a (chl a) concentration. For the determination of total chl a concentration, samples of 100 ml were filtered onto Whatman GF/F filters. In most experiments, size-fractionation of chl a (< 20, > 5 and < 2 µm) was also carried out. Detailed information on methods and results will be given in Arin et al. (unpubl.) . All filters were 25 mm in diameter and differential pressures were kept below 200 mm Hg. Pigments were extracted in acetone for 24 h in the dark at 4°C prior to fluorescence measurement without acidification with a Turner Designs fluorometer (Yentsch & Menzel 1963) . Calibration was made comparing the fluorescence readings with measurements of chl a concentration carried out with a spectrophotometer.
P-E relationships. At each station, water was taken from 2 depths, chosen to represent the upper mixed layer ('surface' samples), and the deep chlorophyll maximum (DCM) if present, or the part of the euphotic zone located below the pycnocline ('deep' samples). Sometimes, the upper mixed layer was deeper than the photic zone (e.g. Stn C3) and the deep sample was chosen at an arbitrarily intermediate depth. The DCM was located between 20 and 50 m depth. Fourteen light and 1 dark (covered with aluminium foil) sterile polystyrene tissue culture bottles (Corning) containing 70 ml water samples were incubated for each experiment and depth, in closed linear incubators with circulating water at the in situ sampling temperature (± 0.5°C). Before starting the experiments, all bottles were spiked with 6.37 to 9.31 µCi (2.36 to 3.44 × 10 5 Bq) of 14 C-bicarbonate (The International Agency for 14 C Determination, VKI, Denmark). Incubations lasted for ca 2 to 3 h. Illumination was provided by Phillips halogen lamps (50 W). The irradiance level at each position was directly measured with an Illuminova (Sweden) spherical PAR light-sensor placed inside a bottle. An intercalibration with a spherical Li-Cor quantum sensor proved that both sensors gave similar values. Values ranged from 5.4 to 1515 µmol photons m -2 s -1 for the incubator with the more superficial samples, and from 8.5 to 880 µmol photons m -2 s -1 for the incubator with the deeper ones. The desired attenuation of the irradiance received by the bottles was achieved by using several neutral density filters.
At the end of the incubation, subsamples were taken for determination of labelled TOC, POC and DOC, except at Stns A2, B2 and C2, in which only TOC and POC were measured. DOC was defined as the fraction passing a Millipore GSWP 0.22 µm filter (mixed cellulose esters, 25 mm in diameter). Subsamples of 5 ml ) along the transect carried out betweeneach were taken for TOC and DOC. The remaining 60 ml were filtered onto another 0.22 µm filter for determination of labelled POC. The vacuum pressure was always kept below 80 mm Hg. Labelled DOC in the water sample was considered as 'dissolved primary production' originating from phytoplanktonic photosynthetic activity, but it may derive not only from dissolved organic matter released by phytoplankton but also from protozoan sloppy feeding or cellular lysis (Nagata 2000). The measurement of labelled DOC at the end of the incubation can cause an underestimation of the total phytoplanktonic DOC production if heterotrophic bacteria are simultaneously removing it. Therefore, the estimated DOC production rate should be considered as a minimum approximation. This procedure implicitly assumes linear increase in labelled DOC during the incubation period (Lancelot 1979, Morán et al. in press) . The time elapsed before observing a departure from linearity during a 14 C primary production experiment has been shown to be very variable (e.g. from minutes to hours, Lancelot 1979 , Coveney 1982 , but based on previous experiments in the NW Mediterranean (Morán & Estrada unpubl . data) linearity could be assured for a minimum period of 2 h. In any case, we assumed that the potential underestimation did not mask the general trends in calculated DOC production rates.
Filters were fumed with concentrated HCl for ca 12 h, and TOC and DOC samples were acidified with 1 ml HCl 1 M and left open in an orbital shaker for at least 6 h in order to remove inorganic 14 C. This time span has proven sufficient to eliminate inorganic label in previous tests. Radioactivity was measured in a Beckman LS6000 (LL) liquid scintillation counter, and disintegrations min -1 (dpm) were calculated with the external standard method. Before further calculations, dark bottle values of labelled TOC, POC and DOC were subtracted from the light bottle values for correction of non-photosynthetic uptake of carbon. Dark bottle values were on average 74 ± 31 SD dpm for PO 14 C, 71 ± 11 dpm for TO 14 C and 82 ± 16 dpm for DO 14 C. When considering all the experiments, dpm for samples incubated in the light were on average 231 ± 185% SD higher than the corresponding dark value for TOC, and 28 ± 15% higher for DOC. These differences between light and dark bottles were significant (paired t-test for experimental means: p < 0.00001; n = 34 for TOC; p = 0.0008, n = 28 for DOC).
POC and TOC measurements were initially fitted to the exponential model of Platt et al. (1980) using nonlinear least-squares regression (KaleidaGraph software):
where
] is the initial slope of the P-E curve and β (same units as α) is the photoinhibition parameter. As fitted β values were 0 in all cases (see 'Results'), P 
] is the maximum chl a-normalized photosynthetic rate. The saturating irradiance or light saturation parameter (E k ) was estimated as P Integrated primary production. The P-E parameters (P B m , α), together with the depth profiles of PAR and chl a down to 100 m depth, and the hourly irradiance, were used to estimate the daily integrated primary production, both the total (PP int TOC ) and the particulate (PP int POC ), with the trapezoidal method. Two procedures of integration (no. 1 and no. 2) were applied to POC-and TOCderived photosynthetic parameters. In procedure no. 1, the P-E parameters of the most superficial sample were assumed to be representative of the phytoplankton assemblages of the upper layer down to the beginning of the DCM, and those from the DCM were in turn assumed to be representative of the phytoplankton assemblages of the rest of the water column, down to 100 m. A discrete cut-off between both situations was made by visually estimating the depth of the steepest change in the chl a profile. In procedure no. 2, P B m and α were interpolated by linear regression between the surface and deep values, to estimate values at all the depths where chl a was measured.
Statistical analyses other than P-E curve fitting were performed with the Statistica software package. Data of chl a and PP int were log-transformed to attain normality and homogeneity of variances.
RESULTS

Optics and hydrography
The mean total daily incident irradiance during the cruise was 35.4 mol photons m . Using these K values, the depth of the euphotic layer (Z 1% E 0 , i.e. the depth with 1% of the irradiance level at the surface) was estimated (Table 1) . Average values were 44 ± 8 m SD at Stn A, 55 ± 5 m at Stn B and 54 ± 4 m at Stn C. The mean daily irradiance in the upper mixed layer (see below) was generally well above 100 µmol photons m -2 d -1 for all the experiments performed at Stns A and B, but less than 50 µmol photons m -2 d -1 for the experiments at Stns C3, C4 and C4b (Table 1) .
The depth profiles of temperature, salinity and density for visits 1 through 4 to the 3 stations are shown in Fig. 2 . A temporal trend towards a shoaling of the upper mixed layer (Z uml ) was observed for the consecutive vis- to Stns A, B and C its to Stns A and B. No trend was observed for Stn C, in which the mixed layer was generally deeper than at the other 2 stations (Table 1) . Values of Z uml at Stns A and B showed averages of 21 ± 15 and 22 ± 13 m, respectively. A northward shallowing of the isopycnals along the transect of the 3 stations was very apparent (Fig. 1B) , reflecting the position of the front formed by the jet of MAW and the coastal Mediterranean waters. The depths of the nutriclines of nitrate (Z NO 3 , first depth with concentration ≥1 µM) and phosphate (Z PO 4 , first depth with concentration ≥ 0.1 µM) are shown in Table 1 . During the cruise, an upwelling event produced a notable shallowing of both nutriclines at Stn A: Z NO 3 and Z PO 4 decreased from, respectively, 26 and 31 m at Stn A1 to <5 m at Stn A2. At Stn A3 a marked decrease of the concentration of nitrate, phosphate and silicate was found coinciding with the depth of a conspicuous DCM (see below). Nutrient injection into the upper layers of Stn B2 was also recorded (Table 1) , but with apparently no effect on the buildup of algal biomass. Nutrient changes at Stn C were much less marked and both nutriclines were always deeper than 70 m.
Chlorophyll a
The vertical distribution of chl a is shown in Fig. 3 . A marked increase in the chl a concentration at Stn A was observed from visits 1 through 3, as a likely consequence of the upwelling event commented above. This station presented chl a maxima well above 5 mg m -3 at around 40 m on the last 2 visits. Maximum values at Stn B (ca 1 mg chl a m -3 ) were generally found at shallow depths (< 40 m), although a second deep (>100 m) peak was observed at Stn B4. At Stn C, which presented less variability than the other 2 stations, concentrations were generally below 1 mg chl a m -3 , with a decreasing trend between visits 1 and 4. . The concentration of chl a at the surface (chl a 0 ) was significantly correlated to chl a int (log-log, r = 0.60; p = 0.023; n = 14). The depth of the euphotic layer (Z 1% E 0 ) showed significant negative correlations with chl a int , chl a 0 and the measured fractions of chl a for all available data, indicating a high contribution of phytoplankton biomass to the vertical light attenuation coefficients. The most remarkable temporal changes were again observed at Stn A, where chl a int at Stns A3 and A4 were respectively 4.8 and 3.6 times higher than the initially sampled (Stn A1) value. At this station, significant high negative correlations were found between Z uml and chl a int , for total values (r = -0.98; p = 0.004; n = 5) and the fractions > 5 µm (r = -0.99; p = 0.009; n = 4) and > 20 µm (r = -0.97; p = 0.026; n = 4), indicating the effect of the upwelling on the buildup of algal biomass. Changes in the dominant organisms and the percentage of the different size-classes of chl a confirmed the appearance of an advected phytoplankton bloom at Stn A. Between visits 1 and 4 at Stn A, a shift in dominance from coccolithophorids and autotrophic flagellates to diatoms occurred (L. Arin pers. comm.) and whereas the percentage of chl a int > 20 µm decreased steadily throughout the visits to Stns B and C to a final value of 9 and 5% of the total, respectively, such percentage increased from 32% at Stn A1 to 60% at Stn A3 (54% at Stn A4). The depth of the nutriclines, as a proxy for nutrient supply into the upper layer (Cleveland et al. 1989) , was significantly correlated with chl a 0 for all stations (r = -0.59, p = 0.042 for Z NO 3 ; r = -0.63, p = 0.028 for Z PO 4 ; n = 12).
Photosynthetic parameters
Selected P-E curves obtained from POC data are shown in Fig. 4 . Whereas PO 14 C and TO 14 C similarly increased in a typical non-linear fashion within the experimental range of irradiance, DO 14 C virtually did not change. To test this, average DOC was calculated at each experiment for all irradiance levels lower and greater than the corresponding saturating irradiance (E k ). The difference between both sets of values was not significant (Wilcoxon's matched pairs test, p = 0.56; n = 28). Table 2 shows the mean photosynthetic parameters ). Photosynthetic parameters were not correlated with the amount of chl a in the different size-classes or with nutrient concentrations, except for nitrite, which was negatively correlated with P B m (-0.48, p = 0.017, n = 24) and E k (-0.46, p = 0.026, n = 24), probably reflecting an opposite variation with depth.
Mean P-E parameters calculated with TOC measurements are given in Table 3 . r 2 values for the fitted model were generally lower and more variable than for POC measurements. Paired t-tests were performed to compare P 
Particulate and dissolved primary production
Percent extracellular release (PER) values were obtained for each experimental irradiance (PER E ) by calculating DOC/(POC + DOC) from the direct measurements of both variables. As an example, Fig. 7 shows the variation of PER E with incubation irradiance for the P-E experiments carried out at Stns C4 and C4b. Increased values of PER E were obtained at low irradiances, whereas for irradiances > 200 µmol photons m -2 s -1
, PER E was generally below 15%. Although greatly variable, the trend of increasing PER E with decreasing irradiance was still observed with all available data, both for the experiments under the surface and the deep ranges of irradiance (Fig. 8) . Table 3 . Photosynthetic parameters calculated with TOC measurements (see Table 2 for details) Fig. 7 . Relationship between percent extracellular release (PER E ) and irradiance in the P-E experiments carried out with samples from different depths at Stns C4 and C4b 
Integrated primary production. Relationships with chl a concentration
PP int varied noticeably during the cruise at the 3 stations and was also dependent on the procedure used for integration (see Table 4 ), although to a relatively small extent, as differences were not significant (t-test for dependent samples, PP int POC no. 1 and PP int POC no. 2, p = 0.14; PP int TOC no. 1 and PP int TOC no.2, p = 0.25; n = 14). Therefore, only the linear interpolation approach values (procedure no. 2) will be used hereafter. PP int POC ranged from 42 to 956 mg C m -2 d -1
and PP int TOC ranged from 47 to 1634 mg C m -2 d -1
. As the effect of phytoplanktonic respiration of labelled carbon in short incubations is low (Williams et al. 1996) and the calculation did not consider phytoplankton respiration during the night, these values would be closer to gross than to net primary production rates (Williams 1993 (Table 4) . During the fourth visit, Stns A and C were sampled twice. From morning to afternoon (ca 8 and 6 h difference, respectively), estimated PP int POC increased 1.7-fold at Stn A and 3.0-fold at Stn C. This increase also held true for PP int TOC , with a 1.9-fold increase at Stn A and 3.0-fold at Stn C. Particulate and total PP int were well correlated with chl a 0 , but not with chl a int (p > 0.12). The corresponding linear regressions with chl a 0 (Fig. 9) were: log PP int POC = 2.63 + 1.11 log chl a 0 ; r 2 = 0.55; p = 0.0024; n = 14. log PP int TOC = 2.64 + 1.22 log chl a 0 ; r 2 = 0.63; p = 0.0007; n = 14.
PP int POC was positively correlated to total incident irradiance (r = 0.65, p = 0.011, n = 14) and negatively correlated with the depth of the euphotic layer, Z 1% E 0 (r = -0.61, p = 0.022, n = 14). This latter negative relationship was expected from the fact that chl absorbs a higher percentage of light, relative to the water, when contained in a narrow layer within a shallow euphotic zone, than when found at deeper levels. As can be seen in Fig. 10 , particulate primary production at the 3 stations was mainly confined to the upper layers of the water column. Values >10 mg C m -3 d -1 were usually only found at depths shallower than 20 m. An integrated value of PER for the 0 to 100 depth range (PER int ) was calculated where possible by using the difference between PP int TOC and PP int POC as an estimate of the integrated dissolved primary production. These values are shown in Table 4 and were on average higher (24%) at Stn A, although highly variable on different days. At the other 2 stations, average PER int were the same (11%) and virtually constant.
DISCUSSION
Elevated concentrations of chl a have been previously reported for the Western Alboran Sea (Jiménez et al. 1987 , Minas et al. 1991 , Rodríguez et al. 1994 , but direct measurements of primary productivity for this sub-basin are lacking. Our results show that a noticeable variability in chl a distribution and primary production rates estimated from P-E relationships occurred at a time scale of days in the northern part of the Western Alboran Gyre. The main change observed was a marked increase in phytoplankton biomass and production parallel to nutrient consumption at subsurface levels of Stn A, located in the frontal region between the MAW jet and the Mediterranean waters. At the same time, a shift in the dominant sizeclasses of chl a, from 68% of chl a int smaller than 20 µm to 54% greater than that size, reflected a marked increase in diatom abundance (L. Arin et al. unpubl.) . These changes were too fast to have originated in situ and can be explained as the result of advection of water masses being affected by an upwelling event of increasing intensity. According to the hydrodynamical regime in the study area, and the location of Stn A in the northern part of the Western Alboran Gyre, the advected waters were probably coming from the west (Gómez et al. 2000) .
Photosynthetic parameters
The range of variation of the maximum photosynthetic rates, with averages of 2.0 (P B m POC ) and 2.4 mg C (mg chl a) -1 h -1 (P B m TOC ), was comparable, although shifted to slightly higher values, to that of the unique P-E measurements previously reported for the Alboran Sea, at the Almería-Oran Front (Videau et al. 1994) . Both P B m POC and P B m TOC varied by a factor of 11 (CV 60%), which was notably high for a small area and short time scale when compared to the variability found during ocean-scale surveys (a factor of 4 in Hood 1995, 9 and 18 in Kyewalyanga et al. 1998 , but 30 in Marañón & Holligan 1999 or with a temporally more extended data set (a factor of 4, over a period of 70 d in Côté & Platt 1983) . The values of the initial slope or maximum light utilization coefficient (α) were very low [mostly < 0.01 mg C (mg chl a) covering much larger distances in the Atlantic (Hood 1995 , Kyewalyanga et al. 1998 , Marañón & Holligan 1999 , and varied by a factor of 6. The comparatively lower variability of α compared with P B m may have been expected (Geider 1993) , as this parameter appears to be a function of basic photochemical reactions (Côté & Platt 1983) . The marked increase in P B m and α at the surface of Stn C from the first to the last visit (see Fig. 5 ) suggests that either a shift in the composition of the superficial phytoplankton assemblages or a change in their photophysiological status had occurred. The same water mass was sampled at Stns C4 and C4b as judged from the distribution of physical variables, so the 2-fold increase in α from morning to afternoon [0.008 and 0.016 mg C mg chl a , Fig. 6 ] could perhaps reflect a process of photoacclimation of the phytoplankton taking place at that time. On the contrary, no trend was observed in the photosynthetic parameters of Stn A during the period of study as a result of the nutrient injection event, even though a change in the hydrological conditions and the dominant phytoplankton assemblages had effectively taken place.
According to our results, the most important source of variation of the P-E parameters in the area was depth, presumably as a result of covariation of depth with other variables such as irradiance. As a consequence of both the overall low values of α and the high covariation of P B m POC and α (Fig. 4) , the E k values were rather high (mean of either 244 or 251 µmol photons m -2 s -1
, depending on the method of estimation), suggesting that phytoplankton assemblages were acclimated to high irradiance levels in the whole area. The absence of photoinhibition indicates that even the deeper cells could stand relatively high light intensities, implying that they had not been exposed to constantly low irradiances in their recent light history (Platt et al. 1980 , Harding et al. 1987 . This was the expected result if vertical mixing was sufficiently strong to bring these cells to shallow depths in a period short enough to prevent shade acclimation (Lewis et al. 1984 , Cullen & Lewis 1988 . In contrast, decreasing P B m POC with depth is commonly interpreted as a result of shade acclimation (Falkowski 1981) . Decreasing P B m POC is frequently associated with increasing α (e.g. Dower & Lucas 1993 , Basterretxea & Arístegui 2000 , Morán et al. 2001 , whereas both parameters decreased similarly with depth in our experiments (Fig. 5) . Decreasing α with depth could be due to the packaging of pigments inside the chloroplasts (Sakshaug et al. 1997) or might reflect a parallel decrease in the C:chl a ratio (Geider et al. 1996 , Taylor et al. 1997 , Marañón & Holligan 1999 , thus yielding no significant differences between surface and deep photosynthetic parameters if they were normalized to carbon instead of to chl a. In that case, however, it would be difficult to explain why the vertical mixing would be strong enough to avoid photoacclimation of P B m and α values, but not to prevent differences in the C:chl a ratio. An alternative explanation for the observed pattern could be related to temporal variability of hydrological features. Differential rates of change of physiological components in response to changes in irradiance could be expected (Lewis et al. 1984 ) if a different vertical light regime was being established due to a change in the physical conditions of the water column (i.e. due to increased stratification). Geider (1993) showed for instance that P 
Particulate and dissolved primary production
A clear relationship between irradiance and PER was identified, with consistently higher PER E at lower irradiances for the whole data set (Figs. 7 & 8) . The high PER E values at low irradiances were not due to an absolute increase in DOC release rates, but to a sharp decrease in POC production with decreasing irradiance. These results suggest that a more or less constant amount of photosynthesized organic carbon was being lost from the algae independently of irradiance (within the experimental range used). PER enhancement under low irradiances is in agreement with previous reports obtained with more reduced data sets (Berman & Holm-Hansen 1974 , Mague et al. 1980 , Zlotnik & Dubinsky 1989 , but see Verity 1981 for an exception). Despite considerable scatter, our PER E values (Fig. 8) were considerably higher than those found by Zlotnik & Dubinsky (1989) , who reported PERs <15% under almost all experimental irradiances with 3 algal cultures. At each experiment, we subtracted dark bottle values from those of the light bottles. Therefore, we do not think that these higher percentages were due to dark fixation of 14 CO 2 as suggested by Watanabe (1980) and Fogg (1983) . If the PER-irradiance relationship found here with natural assemblages happens to be general, incubations under suboptimal irradiance levels (i.e. lower than the corresponding E k values) could result in PERs well above the commonly accepted values of < 20% (Baines & Pace 1991 , Hansell & Carlson 1998 . Zlotnik & Dubinsky (1989) also observed an increase in PER with high irradiances and it has been shown that one consequence of high irradiances, besides photoinhibition and lowering P B values in the P-E relation-ships, is an enhanced release into the environment of organic compounds such as glycolate (Leboulanger et al. 1997) , as an alternative mechanism to photorespiration (Verity 1981 , Wood & Van Valen 1990 . In our case, high PER E with high irradiances was observed at only some of the deep water experiments (Fig. 8B) . This lack of generality may be partially explained by the absence of photoinhibition and the fact that, despite a trend of lower E k values with depth, they were generally high in our samples. The simultaneous measurement in the P-E experiments of TOC, POC and DOC production allowed a comparison of the differences in the calculated photosynthetic parameters for the total primary production and its particulate and dissolved fractions. With all data, P B m TOC values were on average 19% higher than P B m POC , whereas differences were not significant for α and only marginally significant for E k . As emphasized in Sakshaug et al. (1997) , all photosynthesized organic carbon is part of the primary production so that, ideally, both the particulate and the dissolved fractions should be measured, although this is seldom attempted. We tentatively estimated a potential light-saturated chl a-normalized DOC production rate (P values. The relative contribution of this P B m DOC to total primary production rate (PER m ) showed an increasing trend with depth when data from the 3 stations were pooled. Higher PER at depth was first reported by Thomas (1971) and Berman & Holm-Hansen (1974) , who attributed it to the presence of senescent or lightlimited cells. In our case, phytoplankton from below the upper mixed layer was effectively light-limited, i.e. experienced irradiances which were lower than their respective E k values. Thus, the covariance of PER m and depth could be related to the stronger effect of light limitation on POC than on DOC production as argued above.
Integrated primary production
Although differences among procedures in the estimates of PP int were not very marked (Table 4) , we regard the results of procedure no. 2, using interpolation of photosynthetic parameters at each depth, as more appropriate than just taking 2 sets of constant values changed at a given depth of the water column. Apart from the observation that Z uml was shallower than the depth of the most superficial sample at Stns C2, A3 and B3 (Table 1) , the fact that P-E parameters also varied with depth within the upper mixed layer, argued against the use of the uppermost values throughout all the upper mixed layer (Dower & Lucas 1993) .
Average PP int in this study was comparable to the data reported for frontal areas of the Alboran Sea or neighbouring Mediterranean regions (Sournia 1973 , Estrada 1981 , Lohrenz et al. 1988a ,b, Estrada et al. 1993 , Videau et al. 1994 , Morán et al. 2001 , but it showed a very high variability for both total and particulate values (Table 4 ) on a scale of 2 wk. The range of variation of PP int across the Western Alboran Gyre (ca 23 for PP int POC and ca 35 for PP int TOC ) was high when compared to other parts of the Mediterranean on broader spatial and temporal scales (e.g. Sournia 1973 , Lohrenz et al. 1988a ,b, Estrada et al. 1993 . Part of this variability was obviously due to changes in daily irradiance, but even using the average daily value obtained during the cruise, PP int still varied by a factor of ca 6 (POC) and ca 9 (TOC). This high variability agrees with the conclusions of Côté & Platt (1983) concerning the difficulties of predicting short-term variations in primary productivity. In spite of this variability, an expected gradient of decreasing PP int when moving away from the coastal upwelling zone towards the center of the gyre could be identified.
Our results stress the marked effect that variations in the light profile may have in the estimation of PP int . At Stns A and C, considerable discrepancies in the estimated PP int were obtained by sampling in the morning (Stns A4, C4) or in the afternoon (Stns A4b, C4b), with afternoon values being ca 70 and 200% higher, respectively (Table 4) . Changes in the chl a int values (15% increase at Stn A and the same value at Stn C) or the P-E parameters (practically the same except for α at Stn C) did not account for all that difference. Nevertheless, a 15 to 20 m shallowing of the peak of chl a at both stations (Fig. 11) , perhaps caused by an internal wave, increased available PAR at the depth of maximum biomass from 0.4% of the surface value to 8% at Stn A, and from 6 to 21% at Stn C, hence leading to higher in situ estimates of primary production. Thus, short-term changes in available light for phytoplankton due to physical forcing would appear as a critical factor, neglected by logistic reasons in the conventional methods of calculating integrated rates of primary production. Although incident irradiance and vertical variability of phytoplankton biomass appear to play a relatively minor role in large data sets (Behrenfeld & Falkowski 1997b ), underwater light distribution should be carefully considered when computing primary production estimates in locations showing subsurface chlorophyll maxima. Another source of variability, not considered here, is the effect of the vertical changes in the spectral composition of light (Platt & Sathyendranath 1988) .
Although an overall significant relationship existed between surface and integrated values of chl a for all stations, PP int showed no significant correlation with in-tegrated chl a. This can be explained by severe light limitation and low contribution to integrated primary production of the phytoplankton cells found at subsurface depths, which contained an important proportion of the total chl a in the water column. On the contrary, PP int TOC and PP int POC were significantly correlated to chl a at 5 m (Fig. 9) , due to the high contribution to total primary production of surface or near-surface phytoplankton cells (Fig. 10 ). This finding is relevant for the estimation of regional primary production based on remote sensing, especially if it proves to hold true for all periods of the year. In some cases, the development of appropriate algorithms relating near-surface colour from satellite images (SeaWiFs, and formerly CZCS) and primary productivity has been based on good knowledge of the chl a distribution with depth . The lack of coupling between integrated chl a and primary production suggests that, in our study area, it would be more cost-effective to put more effort into determining the variability of surface chl a distributions.
Water column integrated PER values (PER int , Table 4 ) were lower at Stn A3 (4%) than at Stns B3 or C3 (13 and 11%, respectively), which were outside of the influence of the phytoplankton bloom found at Stn A. However, the highest PER value (44%) was measured at Stn A2, which also presented the highest primary production. These contrasting results could be reflecting shifts in the composition and successional stage of the phytoplankton community. An alternative explanation for the higher PER found at this station would be, as observed by Fernández et al. (1994) , a stronger dependence of bacterioplankton on phytoplanktonproduced DOC at the less productive stations, which would result in artificially low PER because of bacterial consumption in the incubation bottles. As discussed above, the measurement of net DO 14 C concentration in the water at the end of the incubation period does not give any hint on its possible uptake by heterotrophic bacteria.
The appreciable variability in the P-E relationships found in a small area of the Alboran Sea, a likely consequence of a complex interaction of physical, chemical and biological factors in a highly hydrodynamical region, emphasizes the necessity of a spatially and temporally more detailed assessment of phytoplankton photophysiology (Platt et al. 1991 , Behrenfeld & Falkowski 1997a , Sakshaug et al. 1997 to improve global ocean productivity models. The regular measurement of dissolved primary production in P-E experiments and the subsequent inclusion of the relevant parameters in productivity models would improve our understanding of the dynamics of marine DOC, a pool of crucial importance in the carbon cycle considered from a biogeochemical perspective. Fig. 11 . Distribution of chl a and particulate primary production rates for the morning and afternoon samplings at Stns A4 and C4. Note the different scales. The shaded area represents the increase in estimated primary production from morning to afternoon
